in the acquisition and use of incentive information to neurophysiological evidence of this cooperative funcguide goal-directed behavior. Those reports, along with tion. We recorded from OFC in intact and ABL-lesioned neurophysiological findings from awake, behaving anirats learning odor discrimination problems. As rats mals (Schoenbaum et al., 1999), support the hypothesis learned these problems, we found that lesioned rats that OFC accesses information regarding the signifiexhibited marked changes in the information reprecance or incentive value of predictive cues through consented in OFC during odor cue sampling. Lesioned rats nections with ABL. had fewer cue-selective neurons in OFC after learning;
The recording sites within OFC were similar in intact and lesioned rats and to those in an earlier study examining neural correlates in OFC during learning in this paradigm (Schoenbaum et al., 1998 . In addition, the distribution and mean firing rates of the neurons were similar in intact (4.68 spikes/s) and lesioned rats (3.91 spikes/s). Insets show photomicrographs of coronal section taken through the junction between the basolateral and central nucleus in an intact rat (left panel) and in an ABL-lesioned rat (right panel).
Figure 1. Illustration of Training Apparatus and Behaviors in the Task
Note the large, darkly staining neuron bodies in the basal and lateral nuclei in the intact rat (arrows) and the absence of those neurons, (A) Photograph of the polycarbonate panel removed from the opreplaced by gliosis, in the lesioned rat (arrows). erant chamber to show the odor sampling port (white circle) and (B) Example of two units sorted on one channel in an intact rat. The the fluid delivery well (black circle).
waveforms sorted for each unit are shown along with the interspike (B) Schematic illustrating behaviors in the task. Pairs of vertical lines interval histograms of the waveforms in each unit. Note the refracduring odor presentation and the delay between a go response and tory period in the histograms of both units. fluid delivery denote the variable duration of these events; odor sampling typically lasted 250-750 ms, and the delay was programmed to vary from 500 to 1500 ms.
guished by an absence of neurons and extensive gliosis in the area of ABL, as well as by the presence of intact neurons at the lesion borders. Lesions generally encomnew odor problems and subsequent reversals of those problems. Neural recordings were obtained from 552 passed Ͼ75% of ABL, and included the lateral, basal, and accessory basal nuclei, with some neuron loss in neurons in 58 sessions in the intact control rats and 512 neurons in 56 sessions in the ABL-lesioned rats (these immediately adjacent areas of the endopiriform nucleus and piriform cortex in two cases. Aside from minor menumbers include all neurons recorded in these sessions). Figure 2 shows an example of an ABL lesion and chanical damage along the injection needle track, there was no damage evident in sham-lesioned rats. also illustrates the recording sites in these sessions. Recordings were generally made in the lateral orbital Behavior in these recording sessions was similar to what we have reported in an independent study on the areas or in ventral agranular insular regions. These areas are notable because they appear to receive overlapping effects of ABL lesions in this task (Schoenbaum et al., 2003) . Although intact and lesioned rats did not differ projections from olfactory regions and ABL (Kita and Kitai, 1990; Price et al., 1991). Lesions were distinsignificantly in the rate at which they acquired the novel learning after ABL damage is also consistent with our earlier results (Schoenbaum et al., 2003) .
Predictive Cues Activated Fewer OFC Neurons in ABL-Lesioned Rats after Learning
Our analysis of neural activity during sampling of the predictive odor cues focused on the postcriterion trials, which included trials after the rats had met the behavioral criterion in each recording session but before reversal. On average, this block consisted of 92 trials in intact rats and 81 trials in lesioned rats and was characterized by highly accurate choice performance in both groups ( Figure 3B ). We compared firing during sampling of each of the two odors. As we have reported previously (Schoenbaum et al., 1999), many OFC neurons in intact rats exhibited differential activity during odor sampling during the postcriterion trials in this task ( go trials, in which the rat made no response for 3000 ms, were excluded from the analysis. ABL-lesioned rats failed to develop the learning-related latency difference exhibited by intact rats.
Predictive Cues Fail to Activate Neurons (B) Choice performance during and after acquistion of the odor
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problems. ABL-lesioned rats did not differ from intact rats.
in ABL-Lesioned Rats
We previously reported that OFC neurons fire differently on positive and negative precriterion trials during a delay odor discrimination problems during recording [44 and after responding but prior to outcome delivery in this 59 trials-to-criterion respectively; F(1,106) ϭ 3.44, NS], task (Schoenbaum et al., 1998) . Such neurons exhibited ABL-lesioned rats failed to show normal changes in reoutcome-expectant firing as the rat awaited delivery of sponse latency during learning. As indicated by the data reinforcement in the fluid well. In that prior study, we shown in Figure 3A , both groups of rats began each did not determine whether any of those neurons subsesession responding to the well after odor sampling at quently became selective for the corresponding presimilar latencies during the early precriterion trials dictive odor cues. In the current dataset, we examined [F(1,106) ϭ 0.04, NS]. During the late precriterion trials, whether such outcome-expectant firing was present and however, intact rats exhibited longer response latencies whether neurons in this population also became active on negative than on positive trials; this difference did during sampling of the corresponding odor cues after not develop in ABL-lesioned rats [F int (1,106) ϭ 16.9, p Ͻ learning in the postcriterion trials. As in our previous 0.001]. Such latency changes are thought to reflect study (Schoenbaum et al., 1998), we found that many learning about the incentive value of the predicted outneurons (n ϭ 112; 20%) recorded in intact rats fired come, whereas instrumental go, no-go behavior can be during the delay as the rats awaited the delivery of sumediated, in part, by other mechanisms such as stimucrose or quinine in the fluid well ( Figure 4A ). Consistent lus-response learning (Holland and Straub, 1979 ; Sage with our own and others' work (Hikosaka and Watanabe, and Knowlton, 2000). Consistent with this distinction in 2000; Schoenbaum et al., 1998; Tremblay and Schultz, the basis for these two measures, choice performance 1999), the encoding properties of these neurons more did not differ across these same phases ( Figure 3B) , strongly reflected the motivational value of the imalthough ABL-lesioned rats were mildly impaired at repending outcome than the identity of the preceding odor acquiring the discriminations after reversal [49 and 60 cue; many more of these neurons showed selective actrials-to-criterion in the intact and lesioned groups retivity to the corresponding outcome than they did to the associated odor cue during the precriterion trials ( 2; Figure 4B , left panels). The proportion and characterthat developed selective activity to the odor cues during the postcriterion trials. To confirm these findings, we istics of these outcome-expectant neurons in ABLlesioned rats (n ϭ 107; 21%) were similar to those in also reexamined our earlier dataset (Schoenbaum et al., 1998) using the current analysis. We found that 20% intact rats. As in intact rats, such neurons often fired in anticipation and during presentation of one of the two of the neurons with outcome-expectant activity in that report also went on to develop selective firing to the outcomes (Table 2; Figure 5B , left panels), and more rarely exhibited selectivity for the associated odor cue associated odor cue after the discriminations were learned. Thus, the activation of outcome-expectant neuduring the precriterion trials (Table 2; Figure 5B , left panels). Thus, OFC neurons in ABL-lesioned rats, like rons by the predictive odor cues is a reliable feature of neural activity in OFC in this task. their counterparts in intact rats, represented features of the expected outcome in the fluid well after a response By contrast, in the ABL-lesioned rats, very few of the neurons with outcome-expectant activity developed sewas made.
ABL-lesioned rats and intact rats, however, differed lective firing to the associated odor cue after learning (4/107, 4%) ( Figure 6 ). This proportion was significantly sharply in whether neurons with outcome-expectant encoding went on to develop selective firing to the corresmaller than that in intact rats ( 2 ϭ 12.2, p Ͻ 0.001) and in fact was somewhat less than expected by chance sponding odor cue after learning. In intact rats, many of the neurons with outcome-expectant activity during (chance ϭ 5.8 neurons, 2 ϭ 0.42, NS). Instead, most of the outcome-expectant neurons exhibited no difference precriterion trials (21/112, 19%) developed selective firing to the corresponding cue during the postcriterion in firing to the odor cues in the postcriterion trials ( Figure  5B , right panels). Notably, the failure of these neurons trials ( Figure 3B , right panels, and Figure 6 ). This subpopulation was significantly larger than that expected to become activated by the odor cues after learning accounts for the reduction in the total number of OFC by chance (chance ϭ 9.7 neurons, 2 ϭ 4.53, p Ͻ 0.05, see Experimental Procedures for calculations) and acneurons with selective firing to the odor cues observed in the lesioned rats (Table 1) . counted for a large proportion (19%) of the OFC neurons Remaining Firing to the Predictive Odor Cues PRE-POST," Table 3 ). In addition, 89% of these neurons changed their postcriterion odor preference after reverIs Less Associative and More Often Bound to Cue Identity in ABL-Lesioned Rats sal; some of these neurons reversed odor preference ("Reversed preference POST-REV," Table 3) , while most The failure of outcome-expectant neurons to become activated by the associated odor cues after learning was stopped firing selectively to the odor cues when the contingencies were reversed. These neurons were in only one of the effects of ABL-lesions on cue-selective firing in OFC; even when these neurons were excluded effect replaced by a new set of OFC neurons that became selective for the odors after reversal (n ϭ 112/415 from the cue-selective population, significant differences in information represented in the remaining neunonselective neurons). The pattern of selectivity just described for intact rats rons were evident. In particular, cue-selective firing in ABL-lesioned rats was less strongly driven by the is illustrated in Figure 7 , which shows neurons that develop selective responses to odor cues either before or learned significance of the odor cues and more strongly driven by the sensory features or identity of the odor after reversal. Note that unlike the earlier example of an OFC neuron with cue-selective activity (Figure 4 ), these cues. This difference was evident in the effect of learning and reversal on firing during cue sampling.
neurons do not fire differentially in anticipation or during sampling of the outcomes after a response was made; Excluding neurons with outcome-expectant activity discussed above, there were 116 neurons in intact rats thus, they encoded the acquired significance of the odor cues independent of the features of the associated outthat exhibited cue-selective firing during the postcriterion trials. Consistent with our previously published obcomes. Importantly, only two neurons (1.7%) in OFC in intact rats maintained the same odor selectivity across servations ( 
Discussion
Here we have identified two independent populations of cue-selective neurons in OFC in intact rats. One population encoded the associative activation of the expected outcome in the presence of a predictive cue. The second encoded a more general representation of the acquired significance of the cue independent of the expected outcome. ABL lesions prevented the first population from becoming activated in OFC during cue sampling, when information about the outcome could be used in guiding the decision to respond. In addition, ABL lesions significantly affected the encoding properties of the second population representing the acquired significance of the odor cues in OFC. As we will describe below, the failure of ABL-lesioned rats to develop such Nevertheless, deficits after ABL damage are consisexhibiting such odor encoding increased by nearly an order of magnitude in ABL-lesioned rats (Table 3) . In tently reported in these settings when probe tests, using reinforcer devaluation procedures, are utilized to reveal addition, there was a corresponding but nonsignificant decrease in the proportion of neurons that reversed durstimulus-outcome associations formed during training. In such tests, the value of the outcome is experimentally ing reversal trials ("Reversed preference POST-REV," Table 3) , and fewer nonselective neurons were recruited changed after an association between a predictive cue and an outcome is learned, in order to probe the sub-(n ϭ 57/411 nonselective neurons; 2 ϭ 21.8, p Ͻ 0.001) to become selective after reversal as compared to intact ject's ability to use a representation of the outcome in memory to guide behavior. For example, after learning rats. in a simple conditioning task in which a cue predicts Similarly, in other settings, animals may form associations directly between cues and outcomes in much the food, the normally rewarding food can be devalued in the absence of the cue by pairing the food with illness.
same way that they do in explicit Pavlovian tasks. For example, monkeys trained on a set of visual discriminaAfter devaluation, normal animals spontaneously reduce responding in the presence of the cue that predicts tions subsequently bias responses to the discriminative cues after changes in the incentive value of the rewards availability of the "devalued" food. Rats given fiber-sparing neurotoxic lesions of ABL exhibit apparently normal they predict. As is the case with rats tested with Pavlovian devaluation procedures, monkeys with bilateral responding to the cue during learning but fail to modify this behavior after devaluation (Hatfield et al., 1996) . amygdala lesions acquire the discriminations normally in this task but are unable to appropriately modify their These tests indicate that ABL-lesioned rats fail to form or cannot utilize associations between cues and outresponses when the incentive value of the predicted reward is altered (Malkova et al., 1997) . Thus, there apcomes to guide conditioned responding. pear to be certain common amygdala-dependent mechactivated during sampling of the cue that predicted that outcome once the rat had learned the predictive relationanisms operating in both Pavlovian and instrumental settings to form associative structures linking cues to ship. This population could provide information about the outcome to allow normal goal-directed responding the incentive value of predicted outcomes. Notably, in these same experimental assessments, deficits are also to cues either in our recording setting or the aforementioned experimental paradigms. that seen in rats during a delay after responding but The rats were then perfused intracardially with 0.9% saline followed before outcome presentation, as described in the cur- 
of the monkey for associated rewards (Tremblay and
Behavioral Methods
to examine firing activity during odor sampling (from 50 ms after odor onset to 50 ms after odor offset), during the variable delay Odor discrimination training was conducted in aluminum chambers approximately 18″ on each side with sloping walls narrowing to an after a response at the fluid well (from 50 ms before the response until fluid delivery), and after fluid delivery (first 500 ms). Firing activarea of 12″ ϫ 12″ at the bottom. An odor port and fluid well were located on a panel (Figure 1) , which was located in the right wall of ity (spikes/second) in each time window was compared on positive and negative trials during pre-and postcriterion trial blocks using each chamber below two panel lights. Odor discrimination problems were composed of odor pairs chosen from compounds obtained ANOVA (p Ͻ 0.05), and neurons with a significant difference in activity were categorized as "selective" in that time window and phase. from International Flavors and Fragrances (New York, NY). Discrimination problems were constructed from dissimilar odors, and the A Pearson Chi-square test (p Ͻ 0.05) was used to compare the proportions of neurons with different firing properties in intact and odor discrimination sequence was arranged such that similar compounds were counterbalanced by valence and did not repeat across lesioned rats and to ask whether particular firing patterns (e.g., neurons that fired before sucrose delivery that became selective for days. During training, rats were maintained on water restriction. After each session, the rats were given ad lib access to water for the positive odor after learning) were observed at a greater frequency than expected by chance in the population of neurons. For 10-30 min depending on the fluid intake of each rat during the session. these comparisons, chance was calculated based on the actual proportion of neurons in the population that exhibited each type of Trials were signaled by illumination of the panel lights inside the box. When these lights were on, nosepoke into the odor port (Figure response. For example, if 50 of 100 neurons fired selectively during sampling of the positive odor in a given phase, and 50 of 100 neurons 1) resulted in delivery of the preselected odor cue to a small hemicylinder located behind this opening. The rat terminated odor samfired selectively while the rat was waiting for sucrose delivery in that same phase, then the chance occurrence of neurons with this pling by leaving the odor port, then had 3 s to make a go response at the fluid well located below the port (Figure 1) . If a response was combination of selective activity (e.g., selective activity both during sampling of the positive odor and prior to sucrose delivery) would made after sampling a positive odor, then a 0.05 ml bolus of an appetitive 5% sucrose solution was delivered to the well after a be 0.5 ϫ 0.5 ϫ 100 or 25 neurons. This expected occurrence was compared to the actual proportion observed in our experimental variable delay (500-1500 ms). If the same response was made after sampling a negative odor, then a 0.05 ml bolus of an aversive 0.02 groups. M quinine solution was delivered after a similar delay. If the rat did not respond within 3 s, the trial was counted as a no-go (Figure 1) . Acknowledgments A behavioral criterion was defined as 18 correct responses in a moving block of 20 trials. This work was supported by MH12699 (B.S.) and MH60179 (M.G.) The rats received training on several problems prior to surgery from the NIMH and AG00882 (G.S.) from the NIA. We thank Dr. and then neural data were collected as the rats acquired novel
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